The design and performance of a high-momentum, small phasespace volume muon beam is described. The muons are photoproduced by the bremsstrahlung of electrons incident on a thick target. Pion contamination is reduced to 3 X10 -6 of the muon flux by a 5.5 meter beryllium filter placed immediately after the target. The optical system has two stages of momentum analysis to give an almost dispersion free beam, and a final imaging stage to clean up the tails of the beam distribution.
I I. INTRODUCTION
At the Stanford Linear Electron Accelerator, muons are produced copiously when an electron beam strikes a thick target. The production process is electromagnetic pair production by the bremsstrahlung of the electrons in the target.
The bulk of the production takes place in the first four radiation lengths, and the source of muons has a cross section similar to that of the incident electron beam, of the order of 5 mm X5 mm. It is therefore possible to make a muon beam with optical properties similar to those of the high energy beams of strongly interacting particles common at proton accelerators. This may be contrasted with the situation at a proton synchrotron, where the muons are the product of the decay in flight of n-mesons contained in a beam. There, the source of muons has the dimensions of the pion beam, of the order of 10 ems X 10 ems, and extends over a length of several tens of meters.
In this paper, we describe a beam which has been built at SLAC for a high energy muon scattering experiment. The muons are produced in a water-cooled copper target and then pass through a beryllium filter 5.5 meters long, placed immediately after the target. The r/p ratio in the beam is reduced to 3 X 10 -6
by the filter. Multiple coulomb scattering of the muons in the filter has the effect of making them appear to come from a source with a diameter of about 2.5 ems close to the beginning of the filter. The beam transport system which follows has two stages of momentum analysis to give an almost dispersion free beam, and a final imaging section to clean up the tails of the beam distribution and to shape the beam at the experimental target. With 100 K watts of 17 GeV electrons incident on the production target, the beam yields 1.0 X lo5 p/set at 10 GeV/c in a momentum band of i-1.5%. 90% of the beam 'is contained within an area of 5 ems Xl0 ems, 99% within an area of 10 ems X10 ems.
-lIn Section II we discuss muon produc$ion iti the target and the target design, in Section Ill the effects of the filter needed to remove strongly interacting particles, in Section IV the optics of the beam transport system, and in Section V the parameters of the beam and its uses. In Section VI we discuss some possible improvements to the beam.
II. MUON PRODUCTION AND TARGET DESIGN
The principal process by which electrons produce secondary particles in a thick target takes place in two steps. First, an electron radiates in the field of a nucleus. The secondary particles are then photoproduced at another nucleus in the target by the bremsstrahlung. The direct electroproduction reaction e-+ rjucleus -e-+ Nucleus + p' + 1-1~ can be described as photoproduction by virtual photons whose spectrum is equivalent to the real bremsstrahlung which would be produced by the electron in a target of 0.02 radiation lengths. , chosen so as to fit the common curve at 0' and at the half maximum point. The first gives an overestimate, the second an underestimate of the large angle production, For the l/ 1 + ( (ir)2 distribution, the total flux is n(mP/E 2 2 times the flux at O", and half of this is contained within an angle of m /E P PI For a. 10.5 GeV/c muon, m /E c1 P is 10 mrads. , an angle typical of the acceptance of a high energy beam transport system using conventional 8" 'bore quadrupoles. We can therefore expect to capture a significant fraction of all muons produced into the beam. Figure 2 is a plot versus muon momentum of the flux at 0' per steradian percent a.p/p per incident 18 GeV electron, and of the total production calculated from the 0' flux. The total muon production at 10 GeV/c for 3.5 x 10 13 electrons/second (100 Kwatts of beam power) is 8.7 X lo5 ,u/sec/% dp/p. Therefore, the production target must be designed to dissipate large amounts of power, if we are to have an intense beam of muons.
The muon yield from a thick target depends very little on the target material.
However, pions are also produced. The pion production process is a nuclear interaction of the bremsstrahlung with a cross section which is roughly proportional to A. Therefore, the number of grams/cm2 per radiation length should be kept small, particularly in the first few radiation lengths, where particle production is a maximum. These considerations make a water-cooled copper target an obvious choice. Gold would be bett,er still. A simplified diagram of the target is shown in Fig. 3 . Ten radiation lengths is sufficient to absorb about 70% of the power in the electron beam, and to diffuse the cascade so that its diameter when it leaves the target is -3 ems. The beam power per unit area is then sufficiently small to be handled in the beryllium filter which follows.
III. PION FILTER
A. Pion Contamination Some preliminary measurements showed that strongly interacting particles, mostly pions,are produced in the copper at the rate of approximately one for every two muons. The interaction cross sections for pions and muons differ by more than three orders of magnitude. To reduce the contamination of pion induced events in an experiment to less than one percent, it is, therefore, necessary to attenuate the strongly interacting particles by a factor of more than X105, the precise value depending upon the particular experiment.
More than 11 attenuatidn lengths of filter are required. The filter is placed immediately after the production target so as to keep the effects of coulomb scattering of the muons, discussed later, to a rhinimum. All forward produced strongly interacting particles make a cascade in the filter and we must estimate the number which emerge relative to muons of the same energy.
Studies have been made4 of the gttenuation of monoenergetic protons in shielding material. Measurements of the particle flux as a function of depth show that, at first, the flux of particles increases. Then, after about two mean free paths, it begins to be attenuated e,xponentially. The conditions in the present case are quite different, although the qualitative behaviour should be similar, and so measurements of the pion flux and attenuation were made in a region where it was expected to be already exponential. A schematic diagram of the apparatus used is shown in Fig. 4 . The incident beam is defined by counters 1, 2, and 3. They are followed by's four gap thin plate spark chamber, a spark chamber with nine 2.5 cm thick iron plates, an iron absorber 1 meter thick and anticoincidence counters 4 and 5.
The anticoincidence counters were made big enough so that multiple-scattered muons, or muons which had interacted in the iron would still be registered. About two meters upstream of the spark chambers, four radiation lengths of lead were placed in the beam, so that electrons from muon decay would produce a characteristically spread out shower in the first spark chamber.
Electrons from the target were reduced to a negligibly low level by placing a filter of two radiation lengths of lead at the first focus in the beaT. This technique has been described already. '
The signal 1 2 3 ?? 5 was used to trigger the spark chambers. Almost all pions would give a trigger signal and some definite proportion of them would give a visible interaction in the thick plate spark chamber. The rest would look like muons. Measurements were made with filter lengths of 2.14, 3.35 and 4.88 meters of Be. With 2.14 meters of Be, the trigger rate was almost entirely due to pions, and th'is rate gave the flux of pions directly. From the pictures, the fraction of pions which gave a visible interaction in the thick plate chamber was In the geometry we used, (2.6 + 0.2) 1O-4 electrons/p from ~1 decay were counted. These measurements were made with 8 GeV/c ,LL-from 16 GeV/c e-. With the 2.14 meter filter, measurements were made at other momenta. They showed that above 4 GeV/c the r/p ratio did not change significantly with momentum. Therefore, the change in momentum due to dE/dx loss in the filter does not influence the 7r/,u ratio. Our present filter is 5.5 meters of Be, giving a value of +.16 -5 _. o9 x 10 7r/p in the beam. This is adequate for the experiments which are at present being carried out, since they incorporate a steel shield through which the scattered muons must pass, which gives a further rejection against pion-induced events,
B. Electron Contamination
The primary electrons incident on the target very rapidly lose their energy -7 t/9 x0 by bremsstrahlung.
The bremsstrahlung is then attenuated at a rate of e . which is the probability that a particle incident on the filter along the Z axis has a displacement y and angle 8 at depth Z, and folding in a gaussian source distribution and emittance, it can be shown (after some tedious algebra) that the muons appear to come from a source a distance L = Z/( 2(l+ 8:/O:
downstream of the target, with an RMS projected angle
The apparent source has a width where os is the RMS projected width of the incident electron beam. The density of particles per unit area of 8, y phase space before the filter is proportional to and after the filter to I/ 0 ( RMS") * I
The dilution due to the filter is thus
In the four-dimensional phase-space y, 0, x, @ , the dilution is just D2. In the derivation of these expression&, the energy loss of the muons in the filter has been neglected. This may be taken into account exactly in the case of the angles by using the momentum at production to calculate 19~~ and by using the In Table I The production target is in the B target room at SLAC. Along the beam line it is followed by the 5.5 meter beryllium filter. This is set in a steel wall, the upstream part of which is 3. 7 meters thick and completely shuts off the target roorn from the End Station Building. This is followed by a further 3.7 meters of steel 1.8 meters wide by 1.2 meters high with the beam channel down the cent.er.
The radiation background in the end station building is low enough to operate scintillation counters in the beam about 10 meters downstream of this shield quite satisfactorily. In view of the 5 x 10 -4 duty cycle, this is quite a low level.
The .experimental area is further shielded by the walls of the End Station Building which are of concrete.
At the position of our experiment, 90 meters from the target room, we operate a bank of counters with an area of 2 square meters without difficulty.
We do see evidence of slow neutrons in the few MeV range, but these come after the end of the 1.4 psec beam pulse.
Shielding against muons
Muon production is sb sharply peaked in the forward direction that the bulk of all muons produced pass down the beam channel through Ql and Q2 to the first bend. There, off-momentum muons are deflected to either side. These bending magnets are followed by a heavy shield long enough to stop muons of up to 12 GeV/c momentum.
Muons produced at large angles are of low momentum. The angleenergy relation of muon production works with the range-energy relation to make the maximum lateral excursion of muons in the shielding small and independent of momentum.
In the last leg of the beam there is another 12 meters of steel around the beam to. stop or scatter any muons which remain outside the optical channel.
The shield show-n just downstream of Q4 was installed later, and did not appear 
